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A method to investigate the giant magnetoimpedance effect based on Fourier analysis is introduced.
The study is carried out on a FeCoSiB amorphous wire with vanishing magnetostriction subjected
to joule heating~current annealing! treatment that induces an enhancement of circumferential
magnetic anisotropy and modifies the magnetoimpedance response of the samples. Experimental
results are interpreted within the framework of the classical electrodynamical model, where the
circumferential permeability plays the dominant role in the field dependence of the complex
impedance of the sample. A rotational magnetization model is employed to determine the circular
magnetization process, and a mean value of the circumferential permeability is obtained through the
harmonic components obtained through Fourier analysis of the time derivative of the circular
magnetization. This simple model is able to reproduce the observed experimental behavior, i.e.,
evolution of the field dependence of the complex impedance with annealing and the asymmetrical





































ou-The magnetotransport properties of nanostructured
terials have been extensively studied during the last
decades.1 Among them the so-called giant magnetoimpe
ance~GMI! effect stands out, in which the high frequen
impedance of a high-permeability material sensitive
changes upon the application of an external dc magn
field.2 Its main interest lies in the technological field, sin
new sensitive and quick response micromagnetic sensors
be developed based on amorphous3 and nanocrystalline4
wires, ribbons,5 and thin films.6
The origin of the effect can be rather well understo
within the framework of classical electrodynamics.7 Let us
consider the case of metallic magnetic wires. When an
current, I 5I 0e
2 i2p f t, flows through the wire for high
enough current frequency,f it mainly concentrates in a re
duced region~outer shell! close to the sample surface~skin-
effect!. Under these circumstances, the complex impeda
Z, can be expressed as a function of the Bessel function








with k5A( i2pmf f /r), mf : circumferential permeability,r:
electrical resistivity,a: wire radius,Rdc5(rL/pa
2) where
L: sample length. Thus, in a ferromagnetic sample the cir
lar magnetization process mainly dominates the GMI
sponse through the evolution ofmf under the external dc
field, H. When the wire is magnetically soft, i.e., when th
a!Electronic mail: gpolo@unavarra.es2460003-6951/2001/78(2)/246/3/$18.00
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permeability is strongly influenced by a relatively sma
magnetic field, one observes a huge variation of the mat
al’s impedance, giving rise to the GMI effect.
Different approaches have been employed to estim
mf(H). First, at high exciting frequencies~megahertz
range!, where the domain wall contribution can be neglect
the ferromagnetic resonance treatment is applicable in
alysis of the GMI.8,9 For lower driving frequencies~kilo-
hertz range! where the skin effect still dominates the impe
ance behavior, two different approaches have been
ployed: the estimation ofmf associated to domain wa
movements10,11and the analysis of the circular magnetizati
process, that is,mf(H), through the minimization of the
energy equation associated to the magnetization rotation12,13
This last approach satisfactorily explains the GMI behav
in those cases where the magnetization rotation contribu
dominates the circular magnetization process, i.e., reinfo
ment of the circumferential anisotropy through convenie
thermal treatments.14
However, the classical electrodynamical model@Eq. ~1!#
is based on the assumption of a constant value ofmf during
the circular magnetization process. It is quite clear that j
in few particular cases this last assumption is strictly va
In order to overcome this restriction, the approximation
small circular magnetic field,15 Hf is taken irrespectively of
the actual circular magnetization process. Although this
proximation can be considered valid for low enough amp
tude current values,I 0 , is not extensively valid for any rea
GMI case.
In this sense, the aim of this letter is to present the F
rier analysis as a powerful tool to estimatemf(H), and thus,© 2001 American Institute of Physics
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 This a ub to IP:the GMI effect. In particular, in amorphous FeCoSiB jou
heated wires the Fourier analysis of the time derivative of
calculated circular magnetization allows us to determ
mf(H) and thus to reproduce the experimental field dep
dence of the electrical impedance of the wires.
The amorphous wires with nominal compositio
(Fe0.06Co0.94!72.5Si12.5B15 were obtained by the so-called ‘‘in
rotating-water quenching technique’’ with mean diameter
120mm. Pieces 8 cm in length were submitted to subsequ
current annealings at current densities,j 519.9 and
24.3 A/mm2 during 5 min. Since the Curie point correspon
to a currenty density of 32.1 A/mm2, the induction of a cir-
cumferential anisotropyKf takes place under the performe
thermal treatment.16 With respect to the GMI measurement
the voltage drop across the wire and in a resistor~c nnected
in series to monitor the sinusoidal ac current! were simulta-
neously recorded through a digital osciloscope. The real
imaginary components of the impedance were registe
through a dual phase lock-in amplifier. Longitudinal dc ma
netic fields were created by a long solenoid~36.6 Oe/A! and
axial hysteresis loops were also obtained using an ac con
tional induction method.
Within the framework of a rotational magnetization pr
cess, the equilibrium angle,u of the magnetizationMs with
respect to the circumferential direction,f can be calculated




whereuK is a skew angle of the easy magnetization direct
with respect to f. Thus, the magnetizationMf(t)
5Ms cos@u(t)# response to the fieldHf5H0 cos(2pft) can





T ]Mf~ t !
]t




T ]Mf~ t !
]t
sin~2p f t !dt. ~3!
The earlier Fourier coefficients allow the determination
the circumferential permeability:mf5m0C(2b1 ia), with
C a constant equal toC51/2p f H0 .
Figure 1 shows the axial field evolution of the resisti
(R) and reactive component (X) of the complex impedance
Z5R1 iX, for the as-cast and Joule heated wires (f 550
kHz, I ac(rms)55 mA!. The line figures correspond with th
calculatedR(H) and anX(H) evolution with the following
data: r5135mV cm; a560mm; L56 cm ~mean distance
between voltage contacts!; H050.24 Oe. Table I summarize
the fitting parameters for the as-cast and annealed wires.
Kf values are directly obtained from the anisotropy fie
HK52Kf/m0MS, estimated through the axial hysteres
loops. BothC and uK parameters are obtained minimizin
the difference between the experimental and the estim
impedance values. Notice the closeness between the fi
and theoretical expectedC values @C51/2p f H0
51.7 1027 s~A/m!21#. As an example, the inset of Fig.
shows the calculated circular hysteresis loop (Mf –Hf) for
Kf519.9 J/m
3 ( j 524.3 A/mm2) andH50.3 Oe~Hf in Oe!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s















It is important to remark that the permeability behavi
seems to be mainly dominated by the circular magnetiza
process of the region close to the wire surface, since the
fitting curves are obtained consideringH05I 0/2pa
'0.24 Oe. In fact, a similar, but more complex estimati
was performed considering the radial dependence of the
cular magnetic field,H05(I 0/2pa)(r /a), subdividing the
total sample volume along the radial coordinate in regio
whereHf was considered constant and calculating the c
tribution of each region to the total circular magnetizati
process. Surprisingly, the obtained fitting curves do not
produce so fairly well the experimental results. Whether t
rough approximation (Hf'I 0/2pa) has or not some physi
cal meaning~i.e., interplay of the exchange forces during t
circular magnetization process so that the external regior
'a plays the dominant role! must be analyzed in furthe
detail.
On the other hand, to obtain the best fitting curves it
necessary to consider the existence of a skew angleuK
FIG. 1. Comparison between the calculated~line! and experimental~sym-
bols! axial field (H) dependence of impedance components,Z5R1 i X,
( f 550 kHz, I ac55 mA! for ~∧! as-cast and joule heated wires atj 519.9
(3) and 24.3~s! A/mm2. The inset shows the estimated circularMf –Hf
hysteresis loops forKf519.9 J/m
3 ( j 524.3 A/mm2) andH50.3 Oe.
TABLE I. Fitting parameters for the as-cast and joule heated wires~h ating
current density,j !: circumferential anisotropy,Kf , associated anisotropy
field, Hk , andC constant.
j (A/mm2) Kf(J/m
3) Hk(Oe) uK C@s(A/m)
21#
As-cast 6.4 0.2 p/10 1.131027
19.9 11.9 0.4 p/10 1.531027
24.3 19.9 0.6 p/10 1.631027
24.3a 19.9 0.6 p/10 1.431027
aBiased current.
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 This a ub to IP:5p/10, whose main consequence is the occurrence o
asymmetrical behavior in the circularMf –Hf magnetiza-
tion process for bothuK andH not null @see inset of Fig. 1#.
Thus, we can conclude that with this simple method i
possible to reproduce fairly well the field dependence of
complex impedance. A natural extension of the present
proach is to consider a distribution of anisotropy axes a
the domain wall contribution, which will certainly improv
the fitting of experimental data~i.e., existence of hysteresi
in the GMI field evolution!. However, the present oversim
plified method is already enough to reproduce the main c
acteristics of the impedance behavior.
With respect to the GMI evolution forH,0, Fig. 2
shows as an example the calculatedMf –Hf hysteresis loops
for the annealed wire atj 524.3 A/mm2, with H50.5 ~solid
line! andH520.5 ~dot line!. The observed symmetrical be
havior with respect toH, gives rise to a symmetrical evolu
tion of mf(H), and would explain the observed symmetric
experimentalZ(H) curves. However, it is well known tha
an asymmetrical behavior can be experimentally found w
applying a dc bias field~i.e., twisted wire under a dc biase
current! that is of great importance regarding sensor des
~increase of the linear field response of the device!.17
In order to analyze if this simple model could also e
plain the asymmetrical GMI behavior, the field dependen
of Z was measured for the annealed wire atj 524.3 A/mm2
with a dc biased currentI dc52.5 mA @ f 550 kHz,I 0(rms)
55 mA#. Figure 3 shows the comparison between the
perimental and the calculatedR(H) andX(H) taking similar
fitting parameters @uK5p/10, Kf519.9 J/m
3, C
51.41027 s ~A/m!21; see table I# and a dc biased circula
field Hf,dc520.057, corresponding to the mean dc fie
across the wire@^Hf,dc&5(2/3)(I dc/2pa)#. From this figure,
the validity of this model for this asymmetrical behavior
also demonstrated. Coming back to Fig. 2, it can be s
how a negative~counter clockwise with respect to the pos
tive Hf direction! dc biasedHf,dc breaks the symmetrica
behavior with respect toH. In fact, the application of a nega
tive dc biased circular field (Hf,dc,0) can avoid the irre-
versible change inMf for H,0, causing a decrease in th
mean value ofmf with respect to the opposite axial fiel
direction (H.0). We also believe that the application of th
present first harmonic analysis could help to elucidate a
cent controversy regarding the asymmetrical magnetoimp
ance curves in amorphous ribbons.18,19
FIG. 2. Calculated circular hysteresis loops,Mf –Hf , (Kf519.9 J/m
3) for
H50.5 Oe~solid line! andH520.5 Oe~dot line!.-
rticle is copyrighted as indicated in the article. Reuse of AIP content is s














In conclusion, the field dependence of the complex i
pedance in as-cast and joule heated amorphous FeC
wires have been presented and analyzed through a Fo
analysis of the time derivative of the calculated circular ma
netization. The results show that within a simple rotation
model, the experimental GMI behavior can be suitably fitt
using first harmonic components of the signal to estimate
mean value of the circumferential permeability. Further d
velopments of the model, which include the analysis
higher harmonic components, are presently under deve
ment.
This work was supported by the Spanish CICYT und
Project MAT-1999-0422-C02. Brazilian agencies FAPE
and CNPq are also acknowledged.
1G. Xiao, J. Q. Wang, and P. Xiong, Appl. Phys. Lett.62, 420 ~1993!.
2K. Mohri, T. Uchiyama, and L. V. Panina, Sens. Actuators A59, 1
~1997!.
3K. V. Rao, F. B. Humphrey, and J. L. Costa-Kramer, J. Appl. Phys.76,
6204 ~1994!.
4M. Knobel, M. L. Sánchez, P. Marı´n, C. Gómez-Polo, M. Va´zquez, and A.
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